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*0. AS$tRACT (CoMM.. .~ ..m.. •O~ s It rs ....oy aid IdsisU~~ by blsk  ,Iaiibs ,)
— A cooperati ve mode l has been deve l oped to describe ferroelectric polari zation

in polyviny l Idene fl uoride (PVDF). The molecular dipoles within the crystal
are assumed to have two or more orientations available to them and the lattice
e~ergy of a given orlentational site is assumed to be proportional to the
fraction of molecu l es hav i ng that orientation . An anal ytica l solution is
given for the 2— site model which predicts polari zation hysteresis typica l of
ferroelec trics. However, a more complex 6-site model , which can be analysed
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numerically, is needed to account for observed infra red hysteresis ~ata
and elec tric— field—induced x—ray structura l changes which have been
reported for PVDF. Although the model Is simple , rather complex behavior
Is observed i ncl uding a gradua l increase or decrease in the remnant
polarization wi th number of cycles of electric field application . Though
the agreements wi th various experimental data are good an obvious need to
include kinetic effects in the model Is Indicated .
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FERROELECTRIC POLARIZATION IN POLYMERS

M. (3. Broadhurs t and (3. T. Davis
National Bureau of Standards

Washington , D.C. 20234

INTRODUCTION

Previous work has shown that a model of orien ted dipoles accounts quite well

for observed piezoel ectric and pyroelectric behavior of amorphous and semicrystal-

line~ polymers . The process whereby the dipoles become oriented is the subject of

this pacer. -fere we summarize a model and calculated results for ferroelec tric

reorientation of molecular di poles In the all-trans polar crysta l phase (
~ phase

or Form I) of polyviny l i dene fl uoride. By ferroelectric we mean a ma terial with

polar crystals where the polari zation di rection can be reversed wi th an apDlied

electric field.

tn the mode l , the orientations of molecular dipoles depend on the electric

field and the history of the field application . The quantities ~cose> , ~cos~~~,

and f(-’) can be calculated where e is the angle between a dipole and the aoolied

field , f (~o) is the fraction of dipoles at angle e and the brackets <
~~ i ndicate a

spacia l average . The experimenta l physica l quantities of interest for comparison

wi th the model are polari zation (a measure of <cose~), infra red transmission

intensity 3’t’ (a measure of <cos~e>) and x— ray pole figure data~ (a measure of f(eY~.

Since only one adjustable parameter is used in the mode l , these various comparisons

permi t an unusually thorough evaluation of the strengths and weaknesses of the

model .

THE MODE L
Polyv i nyl idene fluoride (PVOF ) is a linear molecule with a carbon backbone.

In Its crystalline forms the molecule has a large moment normal to the chain.
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In the B crystal phase the unit cel l is polar and the crystals form l amellae typi-

cal ly 10 rsn th i ck wi th the molecular segments nearly normal to the l arge crystal

surfaces~ The molecular segments which traverse the crystal l amellae are inter-

connected through the interc rystalline amorohous regions (See Fig. 1) either by

tight fol ds at the lamellar surface or by l onger i rregular molecular segments. As
demonstra ted in the data referenced later in this paper , the segments in the crystal

can rotate as rigid rods or by a propagating twist mechanism about their chain axis ,

giving a reorientation of the crystal moment. The shape of the curve relating

potential energy to angle for individual chain rotation is not known , but following

Kepler and Anderson ’s observation that the near-hexagona l unit cell cross section

will permi t a six-fold degeneracy in the orientation of the crystal~ we assume
equivalent potential energy mi nima , 60 degrees apart as shown in Fig. 2. The

potential energy of an orientati on e~ relati ve to a base line is U1 and the

fraction of segments having that orientati on is f~. We use the first order,

mean field cooperativity assumption6’7 that U.~ =—U0f1 where U0 is the energy

di fference between a filled and empty site. This assumption describes the

desired feature that if most segments have a given orientation then that

orientation is the preferred one (having the lowest energy). The lattice energy

of the crystal is given by W~f~ = -U0~f1
2, the dipole—field i nteraction energy

is given by -m0EZf1 cas ej (where the field is assumed to be at 0 degrees), and the

• entropy is given by 
~
kEf

~
tnfj. We do not include dipole—dipole interactions .

- 
- The Helmholtz free energy is

(A~ - A0) = -u0tf1
2- m0EZf1 cos° 1 ~kT ~f~

btf1 (1)

We can minimi ze the free energy includin g the constraint that ~~ = 1 by using

a Lagrange mu ltiplier technique . That is, we solve the equations ,

a(A 1 — A0 )/ af~ — x  ~(zf 1)/~f~ = 0. (2 )  
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The result is a set of 6 equations

—2U 0 f 1 - m0E cos -~ ~ kT( l  # t .’ot f 1 ) - ~ 0 (3 )

We can solve the simple 2 site case anal yti cal ly~ but this 6 site example must

be solved numeri call y as detailed elsewhere .~

RESULTS

The result of the calculation is that at E = 0 for U0/kT~~2.0ll8 (an un,tcI,a~
type of Curie point for this model), the 6-fold-de jenerate l owest energy solution

is for one site to be heavi l y populated and the remaining fi ve sites tc have

lesser (bu t equal to each other) populati ons. At IE~’ 0, the degeneracy is re-

moved and depending on E and the angle between E and a preferred site , a

particular distribution may become unstable and a new distr ibution form resulting

in a change in the magnitude and direction of the crystal moment. The assumed

mode of redistr ibution of orientations is somewhat arbitrary but the one giving

results closest to experiment assumes that once a site i is unstable , the ørob-

ability that , of the remaining stable sites , site j will be favored is procor-

tiona l to exp (m0E cos~~/kr). This assumption is not to be confused wi th the

equilibrium assumption of Kepler and Anderson~ that the population of site j

will be proportional to this term . In Our case the orientations are not at

equilibrium and are highly dependent on the initial distribution of orientations

and history of electric field applic ation .

The numerical calculation is done by vary ing m0E/kT  in equation 3 (after

dividing by kT) by small increments , recomputing f1 and if a given solution is

unstable , redistributi ng the f~ as described above. We assumed an initial

distrib ution of crystals such that the crysta l moments and apolied field are

in the plane of the crystal l amel lae and the moments are equall y distributed

every 10 degrees from 0 to 350 degrees. From the record of f1 versus E we

calculate <cose> , <cos~~’ and the fraction of reflecting crystal planes at

• - _
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angle ~ as a function of field and history . To compare m0E/kT to the applied field

we assume a molecular segment in the crystal is 10 nm long. Such a segment contains

40 repeat uni ts of 6 .9 ~ lO~~° Cm vacuum moment each . The reaction field ( in the

spherical approximation ) enhances this moment by (c ~~ ~ 2)/3 A 5~’3 giving a tota l

segment moment of 4.6 x lO~~ Cm. Thus , a 1 MV/cm field at room temperature gives

m0E/kT 11 . This val ue is well above the range of linear dielectri c resconse

typicall y encountered wi th molecular dipole s . We used a lattice energy of U0/kT 3

for our calculation s which gives a critical field (for which the fi rst crystals

switch) of about 1 MV/cm . I~emembering the U0 is the energy difference between an

empty and filled site , we see that the di pole -field energy can be much greater

than the crystal energies . Reducing U0/kT to ..5 reduces the critical field by

half but as a function of reduced field , E/E (critical), the calculations are

insensit ive to tJ0/kT. For simplicity, we have i gnored kinetic effec ts in the

calcultaions even though they are i nherent in the model . For e~camp le , thermodynann c

fluctua ti ons will 3110w a crystal to switch to a new preferred orientati on at fields

below the critical value and all redistributions of dipoles involve rotations which

encounter local energy barriers - a process which takes time .

• COMPAR ISON WITH EXPERIMENT

• The cal culated polarization as a function of electric field through 1 : cycl es

is shown in Figure 3. Experimental curves obtained by cycling the field at a

— constant rate of change 10 are shown in Figure 4. Both the observed critical

swi tching field and degree of polarization (as a fraction of the total possible

polari zation) are satisfac torily mimi cked by the calcula ted curve . The quantity

m~E/k1 11 corresponds to E a Mv/cm for 10 nm thick crystals and for these

mixed phase samples (30% ~ crystals , 30% ~i crystals and 40% amorphous ohase~ the

maximum polarization will be about 10 uC/cm~ . To account for the reversible

perinl t tfv i t y  of the amorphous phase we have added a relative pe rmittivi ty of 15

to the model which accounts for the slope in curves of Fig. 3 upon dec reas ina the

f ield.

--
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Figure 5 is a comparison between calculated ‘cos~~ for the mode l and the

measured hysteresis of the 512 a’r’ IR absorption in PVDF 3. This absorption is

due to ~ phase crystal vibrations polari zed parallel to the CF . dipole moment.

Random orientation of single axes rotators wi th the axes In the plane of the

film corresponds to ~cos e’. a 0.5 and 23% transmission . Complete ali gnment

co’~responds to ~cos~~ LO and 40% transmission and these value s are used

to match the magnitudes of the ordinates. Thus the magnitudes and general positions

of the two curves are very similar.

In Figure 6 we show calculated and observed x—ray pole figure results

obtained at zero field after the material has been subjected to a polari zation

treatment. The abscissa refers to the ang le between the bisecto r of the inciden t

and diffrac ted x-ray beams and the norma l to the PVDF film (or equivalentl y the

direction of the poling field). The results from the present calculation (dashed

curve) predict the correct magnitudes at zero and large angles and are less

satisfac tory than the equilibrium calculation ’ (solid line ) at small angles .

While the above results support a conclusion tha t the essential features of

the rt igh f ield oo larization in PVDF are described by a simple cooperative ferro-

electri c model , the curva ture in the experimental hys teresis curves (Fi gs. 4 and

5’ at zero fields is an obvious feature which has not been delineated in the

pres ent ca lculat ions .
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FILURE CAPTION S

Fi gure 1 . Structure of semi crystall ine pol yv in vlidene fluoride show i ng l ameHar
crys tals with molecular segments norma l to the l ame l lae .

Figu re 2. Assume d po tenti al energy of a single molecular segment rotating about
its chain axis as a function of angle between its dioole momen t and
a direction fi xed in the crystal . The fraction of a ll molecules in a
crystal hav inq ori entation I is gi ven by f1 .

Fi gure 3. Calculated polari zation hysteresis for the 5-site model assuming lOnni
long molecul ar seqments rotating about their long axis.

Figure 4. Experimenta l polari zation hys teres i s for a samp le c~cled at inc reasingly
high er fields . The maximum residual polari zation ~at zero ~iehi ’ is
3bout l3~C/ c m— .

Fi gure 5. Experimenta l (Reference 3) and calculated i nfra red transmiss ’on
nys teresis for a vibrati on polarized along the CF~ di~o1e ~n the
~rvst31 ohase.

Figure ó . “~-ray pole fi gure data from Reference 5 terror ~ars~ and calcul ated
results from the 6— site ferroelectric model ~das”ed lin e ’ and an
equilibri um distr ibution (so l id  ~ine ” .
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F I FI.R. Data (IBM )

512 cm 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

E~~-1 MV/cm 1 MV/cm

2 r—+---——--—- 1 3
\ Cooperative Model

U0

::i1
~~~~~~~~~~~~~

kT

Figure 5. Experi menta l ( Re fe rence 3) and calculated i n f r a red transmission
hysteresis for a vibrational polarized along the CF . dioole In the
B crysta l phase . -
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Figure 6. X-ray pole figure data from Reference 5 (er ro r ba rs ) and ca lc u lat ed
results from the 6—site ferroelectri c mode l (dashed l ines) and an
equilibri um distribution (solid line) .
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